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(54) DIODE 

(57) The present invention relates to a diode, and 
has an object to simultaneously implement a high di / dt 
capability, a low reverse recovery loss and a low fonward 
voltage and to suppress generation of voltage oscilla- 
tion. In order to achieve the above-mentioned object, life 
time killers are- selectively introduced into a semicon- 
ductor substrate (20) comprising a P layer (1), an N* 
layer (21) and an N* layer (3). A density of the intro- 
duced life time killers is the highest in a first region (6) 



adjacent to the P layer'(1). arid is the second highest in 
a second region (7) in the N" layer (21). The life tiriie kill- 
ers are not introduced into a third region (2). Accord- 
ingly, a life time in the N' layer (21) is expressed by the 
first region (6) < the second region (7) < the third region 
(2). The second region (7) and the third region (2) are 
adjacent to the P layer (1). In addition, the second 
region (7) annularly surrounds the third region (2). 
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Description , 

TECHNICAL FIELD . - . 

? [0001] The present invention relates to a diode suitable for a free wheel dicde to be used 
' down voltage switching element such as an IGBT (Insulated Gate Bipolar Transistor), a OCT (Gate Commutated Turn- 
; off Thyristor) or the like, or suitable for a high breakdiown voitage damp diode or the like. * , , 

BACKGROUND ART . 

[0002] Figs 36 and 37 are a sectional front view and a plan view which show a conventional diode as the back- 
** *^ Aground of the present invention/r Rgr36 is a sectional view taken along the line E-E in Fig. 37: A diode -.^ 

151 comprises, as a main part, a semiconductor substrate 80 using silicon as a base material. The'semiconductor sub-: 
strate 80 has a P layer 81 , an N' layer 82 and an layer 83 provided sequentially from an upper main surface to a 
15 lower main surface. .'.**' ** , . - 

[0003] An anode electrode 84 is connected to the upper main surface of the semiconductor substrate 80, that is, an 
exposed suriface of the P layer 81 , and a cathode electrode 85 is connected to the lower main surface of the semicoh- 
: ductor substrate 80, that is. an exposed surface of the layer 83. These electrodes 84 and 85 are formed oil an elec-. / 
trically conductive metal. Furthermore, life time killers which are crystal defects for promoting the annihilation of carriers 
20 as the recombination centers of the carriers are introduced ipto the semiconductor substrate 80. Thereby the life time 
of the canrier is controlled. ; • ^ u 

[0004] Rg: 38 is a graph showing a profile of a density of the life time killers introduced into the semiconductor sub- 
> strate 80. In the conventional diode 151, two kinds of.profiles have been known. In a conventional example 1 repre- . 
. sented by a curve Pri shown in Fig. 38. the life time killers are uniformly introduced over the whole semiconductor 
25 substrate 80. Accordingly the life time of the N" layer 82 is uniformly controlled. - ' - 

[0005] On the'other hand, in a conventional example 2 corresporiding to a curve Pr2, the life time killers are selec- 
• tively introduced into a region of the N" layer 82 adjacent to a junction interface betweeri the N" layer 82 and the P layer ■ 
- 81 . Consequently the life time of the region adjacent to the junction interface between the N" layer 82 and the P layer 
81 is locally controlled to be short. A diode corresponding to the conventional example 2 is a device which has been 
30 disclosed in the International Conference PCIM '97 (International POWER 'CONVERSION '97 CONFERENCE NURN- 
BERG. GERMANY June 10 - 12, 1997): 

; [0006] Immediately after operating conditions are instantaneously changed by,the switching operation of an exter- . 
nal circuit from a state in. which a current flows to a diode in a. fonward direction to a ^tate i^ 
applied, a* reverse durrent transiently flows to the diode. Fig. 39 is a graph showing a waveform of a current flowing in. 
35 the diode in the-transient state in relation to both the conventional examples 1 and 2. At a time tO, when a switching 
operation is performed from a state in which a forward current Ip steadily flows to a state in which a reverse bias is., 
applied, a current starts to be decreased. The current is continuously decreased to have a negative value in a short- 
time. In other words, a rev^erse current (minus current) flows to the diode. 

[0007] Even .if the switching operation is performed to apply a reverse bias, a depletion layer is not immediately 
40 formed ih a PN junction between the P layer 81 and the N' layer 82 due to excess carriers remaining in the vicinity of 
the PN junction. For this reason, the diode is transiently brought into a conductive state. As a resijlt. the reverse current 
. . flows. An increase rate of the reverse current in an initial stage, that is, (an absolute value of) a current decrease rate 
represented by di / dt in Fig: 39 is defined by the magnitude of an inductance acting as a load in the external circuit. If 
the inductance is increased, the current decrease rate di / dt is increased Correspondingly the reverse current is rap- 

45^ idly increased. - . +u ^ i 

[0008] In a process in which the reverse cuirrerit is increased, a depletion layer is generated at a time t1 . The depie- 
. ■ tion layer is formed in the PN junction as shown in'Fig. 40. A front 92 of a depletion layer 91 advances toward the 
layer 83 with the passage of a time. Consequenllx. the depletion layer 91 is enlarged to cover the whole N layer 82 

shortly * ' • ♦ 

50 [0009] Returning to Fig. 39. "as the depletion layer 91 is generated and grows, a reverse-voltage v is generated at 
the time t1 between the anode electrode 84 and the cathode electrode 85, and then the reverse voltage v is increased 
to shortly converge on a value of a reverse bias applied from the outside. More specrfically when the depletion layer 91 
grows, a reverse voltage blocking capability which is the original function of the diode is recovered. Fig. 39 typically 
shows only the reverse voltage v related to the conventional example 2. 
55 [001 0] When the reverse voltage v is increased, the reverse current gradually reduces the speed of the increase, 
and shortly reaches a peak and is then decreased. As the current decrease rate di / dt is increased, the peak is 
increased. A value of thepeak is referred to as a reverse recovery current 1^ and is one of parameters for evaluating a 
reverse recovery characteristic in the diode. The reverse current converges on zero while continuing the decrease. 
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Thus, a transient state, that is. a reverse recovery operation comes to an end. and a steady state in which the reverse 
vottage v is equal to the reverse bias and the reverse current does not f tow is realized. 

[001 1 1 As the parameter for evaluating the reverse recovery characteristic, an attenuation rate of the reverse recov- 
ery current, a di / dt capability and a reverse recovery loss have been known in addition to the above-mentioned reverse 

5 recovery current 1,5. The attenuation rat of the reverse recovery current is defined as a. rate of convergence on zero 
after the reverse current passes through a peak in the graph of Fig. 39. The di / dt capability is a maximum value of the 
cun^ent decrease rate di / dt which can be applied without causing a damage on the diode. Moreover, the reverse recov- 
ery loss is a magnitude of a loss caused on the diode in the process of the reverse recovery operation. 
[0012] If the reverse recovery current 1,^ is smaller, it is possible to resist a greater current decrease rate di / dt. 

10 Accordingly, a sinple relationship is established between the reverse recovery cun^ent Irr and the current decrease rate 
di / dt. Moreover, the reverse recovery toss is equivalent to a time integral of a product of the reverse current and the 
reverse voltage v in the graph of Fig. 39. Accordingly, if the magnitude of the reverse recovery current Irr is smaller and 
the attenuation of the reverse recovery current is performed more quickly, the reverse recovery loss is more reduced. 
As a matter of course, it is desirable that the magnitude of the reverse recovery current l„ should be smaller, the atten- 

IS uation of the reverse recovery current should be performed more quickly and the di / dt capability should be larger. Fur- 
thermore, it is desirable that the reverse recovery loss shoukJ be as small as possible. 

[0013] In the diode according to the conventional example 1 , the life tinie killers are introduced over the whole sem- 
iconductor substrate 80. Therefore, the attenuation of the reverse recovery current is performed quickly as shown in the 
cun/e Pri of Fig. 39. Consequently, there is an advantage that the reverse recovery loss is small. However, the magni- 
20 tude of the reverse recovery current l^r is large. As a result, there has been a problem in that the di / dt capability is small. 
In addition, there has been a problem in that a fonward voltage acting as a significant parameter for evaluating a fonward 
characteristic is high. 

[0014] In the diode according to the conventional example 2. the life time killers are locally introduced in the vicinity 
of the PN junction at a higher density than in the conventional example" 1. Consequently, the life time of the earners is 

25 controlled to be short in the vicinity of the PN junction. Therefore, the recombination of the excess can*iers is performed 
quickly in the vicinity of the PN junction. For this reason, the formation of the depletion layer 91 is promoted. Thus, the 
magnitude of the reverse recovery current Ir^ is small as shown in the curve Pri2 of Fig. 39. As a result, it is possible to 
obtain an advantage that the di / dt capability is high. . 
[001 5] Furthermore, the life time killers are not introduced into a region of the N'layer 82 excluding the vicinity of the ^ ^ 

30 PN junction. Therefore, the forward voltage is also advantageously low. More specifically not only the di / dt capability ^ 
but also the forward characteristic is more improved in the diode according to the conventional example 2 than in the '/ 
conventional example 1. 

[0016] However, since the life time killer is not introduced into the region of the N Iayer 82 excluding the vicinity of 
the PN junction, after the depletion layer 91 Is generated during the reverse recovery operation, the depletion layer 91 u 

■35 grows slowly In the diode according to the conventional example.2. therefore, the attenuation of the reverse recovery 
current is performed slowly as shown in the cun/e Pr 2 of Fig. 39. As a result, there has been another problem in that a 
reverse recovery loss is large. ^, 
[0017] As will be described below, furthermore, both the conventional examples 1 and 2 have had a common prob- ^' 
leni in that oscillation is easily caused at the last stage of the reverse recovery operiation. The oscillation is caused as 

40 -that of the reverse voltage v in an oscillation region Osc as shown in Fig. 39. Although Fig. 39 illustrates only the reverse 
voltage v according to the conventional example 2, the oscillation is caused more remarkably in the conventional exam- 
ple 1. 

[0018] When the time t1 passes in the process of the reverse recovery operation, the depletion layer 91 is gener- 
ated and then grows as shown Jn Fig. 40. During this process, the diode 151 can be equivalently represented by a 

45 series circuit formed by a capacitor having a pair of electrodes opposed to each other with the depletion layer 91 inter- 
posed therebetween and a leak resistor in the depletion layer 91 as shown In Fig. 41. In the process of the reverse 
recovery operation, accordingly, a series resonance circuit is equivalently constituted by the combination of a capaci- 
tance C of the capacitor, a resistance R corresponding to the leak resistor and an inductance L existing in an external 
circuit In Fig. 41 . a Q value of the resonance drcuit Is expressed by an equation. An oscillating phenorrienpn does not 

so occur while the Q value is small. 

[001 9] The capacitance C is defined by a thickness of the deletion layer 9 1 and a density of the excess carriers, and 
the resistance R is defined by a leak current in the depletion layer 91 and a recombination current of the excess carrier. 
As a result, when the depletion layer 91 is enlarged, the capacitance C and the resistance R are changed in a waveform 
illustrated in a graph of Fig. 42. More specifically, the capacitance C is generated with the generation of the depletion 

55 layer 91 . and is then increased and is shortiy decreased through a peak. Thereafter, the capacitance C converges on 
zero which is a steady value. On the other hand, the resistance R is generated with tiie generation of the depletion layer 
91 . and is then increased steadily and is rapidly raised particularly in the last stage of the reverse recovery operation. 
[0020] As shown in Fig. 41, as the resistance R and the capacitance C are increased, the Q value is reduced. 
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• Accordingly, when the capacitance C converges at zero in the last stage of the reverse recovery operation, the 9 value 
becomes large if the resistance R is hot sufficiently Jarge con-espondingly. Consequently, the oscillation of the voltage 
is caused. Based on such a mechanism, the djodes according to the conventional examples^l and 2 hiave had a prob- 

' "lem in that the voltage oscillation is easily caused at the last stage of the reverse recovery operation. The oscillation is - ^ 
? easily caused particularly when the magnitude of the fonward current is small and that of the reverse recovery current 
l„ is larga When the voltage osdllatipn is caused; the diode acts as a noise source for peripheral circuits. 
[0021] In the diode according to the prior art. thus, there has been a problem in that it is difficult to simultaneously 
implement a high di / dt capability, a low reverse recovery loss and a low fbnward voltage. Furthermore, there has been 
a problem in that voltage oscillation is easily caused at a .certain stage of the reverse recovery operation. 

10 '. ' ' ■ • ' ■ ' 

' DISCLOSURE OF THE INVENTION \ .. 

[0022] In order to solve the above-mentioned problems; it is an object of the present irivention to simultaneously 
implement a high di / dt capability, a low reverse recovery loss and a low fonward voltage and to prevent voltage pscllja- 
15 tion from being caused. . ■' ,4«i- • 

[0023] A first aspect of the present inyention is directed to a diode comprising a semiconductor substrate defining 
• an upper main surface and a lowe> main surface, a first main electrode connected to the'upper main surface, and a sec- 
ond main electrode connected to the lower main surface/The semiconductor substrate Includes first and second sem^ 
{.conductor layers sequentially provided jrom the upper.main surface toward the lower main surface. ^ . / 
[0024] The first semiconductor layer has a first conductivity type and is exposed to the upper main surface. and the . 
second semiconductor layer has a second conductivity type and forms a PN junction together vvfith the first semiconduc- 
tor layer. In addition, the second semiconductor layer is divided into first, second and third regions. 
[0025] Furthermore, the first region faces.the'first semiconductor layer, and the second region and the third region 
pccupy a portion in the second semiconductor layer which is adjacent to the first region and is close to the lower mam 
suiface. and divide the portion' each other in a direction parallel with the upper main surface. A life time of earners in the 
second semiconductor layer is set shorter in the first region and the second region than in the.third region. 
[0026] 'A second aspect of the present invention is directed to the diode according to the first aspect of the present 

* Invention, whereiri the semiconductor substrate further includes a third semiconductor layer (3) which is adjacent to the 
second semiconductor layer and is exposed to the lower main surface, the third semiconductor layer having a second 

30. conductivity type and a higher impurity concentration than the second semiconductor layer. 

[0027] A third aspect of the present invention is directed to the diode according to the first aspect of the present 
invention, wherein the life time is set longer in the second region than in the first region. ■ .; • 
[0028] A fourth aspect of the present invention is directed to the diode according to the first aspect of the present 
invention, wherein a ratio of the second region to the third region is 50 % or 

35 [0029] A fifth aspect of the present invention is di'rected to the diode according to the first aspect of the present 
invention, wherein the second region is divided into a plurality of unit regions in the direction parallel with the upper main, 

surface. . ^ i*u 

[0030] A sixth aspect of the present invention is directed to the diode according to the first aspect of the present 
invention, wherein the portion of the second semiconductor layer is divided into a plurality, dfVegions arranged from a 
40 center toward an outside in the direction parallel with the upper main surface in such a manner that one of the regions 
is sequentially surrounded by a next one. and the second region and the third region are alternately arranged in each 

of the regions. , u * * ^ r 

[0031] A seventh aspect of the present invention is directied to a diode comprising a semiconductor substrate defin- 
ing an upper main surface and a lower main surface, a first main electrode connected to the upper main surface, and a 
■ 45 second main electrode connected to the lower main surface. The semiconductor substrate includes first, second and 
third semiconductor layers sequentially provided from the upper main surface toward the lower main surface. 
[0032] Moreover, the first semiconductor layW has a first conductivity type and is exposed to the upper mam sur- 
face, the second semiconductor layer has a second conductivity type and forms a PN junction together with. the first 
* semiconductor layer, the third semiconductor layer has a second' conductivity type, has a higher impurity concentration 

so than the second semiconductor layer, and is exposed to the lower main surface, and the second semiconductor layer is 
sequentially divided into first, second and third regions from the first semiconductor layer toward the third semiconduc- 
tor layer : • \t \ 
[0033] Furthermore, a boundary interface between the second semiconductor layer and the third semiconductor 
layer includes a portion retreating toward the lower main surface so that the third semiconductor layer includes a thick 

55 portion and a thin portion; and a life time of earners in the second semiconductor layer is set shorter in the second 
region than in the third region, and is set shorter in the first region than in the second' region. 
[0034] An eighth aspect of the present invention is directed to the diode according to the seventh aspect of the 
present invention, wherein a ratio of an area occupied by a region where the thin portion is projected to the lower main 
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surface is set to 50 % or less. 

[0035] A ninth aspect of the present Invention is directed to the diode according to the seventh aspect of the present 
invention, wherein the thin portion is divided into a plurality of portions which are unrforrnly arranged at regular irrtervals 
along the tower main surface. 

5 [0036] A tenth aspect of the present invention is directed to the diode according to the seventh aspect of the present 
invention, wherein a maximum diameter of each of the plurality of portions along the lower main surface is set to 50 ^m 
or less. 

[0037] An eleventh aspect of the present invention is directed to the diode according to the seventh aspect of the 
present invention, wherein a distance from a boundary between the second region and the third region to the lower 

10 main surface is set smaller than a thickness of the thick portion. 

[0038] A twelfth aspect of the present invention is directed to a diode comprising a semiconductor substrate defin- 
ing an upper main surface and a lower main surface, a first main electrode connected to the upper main surface, and a 
second main electrode connected to the lower main surface. The semiconductor substrate includes first, second and 
third semiconductor layers sequentially provided fi'om the upper main surface toward the lower main surface. 

15 [0039] Moreover, the first semiconductor layer has a first conductivity type and is exposed to the upper main sur- 
face, the second semiconductor layer has a second conductivity type and forms a PN junction together with the first 
semiconductor layer, the third semiconductor layer has a second conductivity type, has a higher impurity concentration 
than the second semiconductor layer, and is exposed to the lower main surface, and the second semiconductor layer is 
sequentially divided into first, second and third regions from the first semiconductor layer toward the third semiconduc- 

20 tor layer. - ^ 

[0040] Furthermore, a boundary surface between the first semiconductor layer and the second semiconductor layer 
includes a portion retreating toward the upper main surface so that the first semiconductor layer includes a thick portion 
and a thin portion, and a life time of carriers in the second semiconductor layer is set shorter in the second region than 
iri the third region and is set shorter in the first region than in the second region. 

25 [0041] A thirteenth aspect of the present invention is directed to the diode according to the twelfth aspect of the 
present invention, wherein a ratio of an area occupied by a region where the thin portion is projected to the upper main 
surface is set to 50 % or less. 

[0042] . A fourteenth aspect of the present invention is directed to the diode according to the twelfth aspect of the. 
present invention, wherein the thin portion is diviided into a plurality of portions which are uniformly arranged at regular^ 
30 intervals along the lower main surface. 

[0043] A fifteenth aspect of the present invention is directed to the diode according to the twelfth aspect of the.j; 
present invention, wherein a maximum diameter of each of the plurality of portions along the upper main surface is set " 
to 50 ^m or less. 

[0044] A sixteenth aspect of the present Invention is diredted to the diode according to the twelfth aspect of the , 
35 present inventiori. wherein a distance from a bouridary between the first region and the second region to the upper main ^ 
surface is set larger than a thickness of the tfnick portion. 

[0045] A seventeenth aspect of the present invention is directed to the diode according to tiie twelfth aspect of the 
present invention, wherein a boundary surface between the second semiconductor layer and tiie tiiird semiconductor , 
layer includes a portion retreating toward the lower main surface so that the third semiconductor layer includes a thick * 

40 portion and a ttiin portion. 
. [0046] According to the first asplect of the present invention, the life time is set short in the first region adjacent to 
the first semiconductor layer. Therefore, a reverse recovery current can be reduced. Since the second region has a life 
time set short, the attenuation of the reverse recovery current can be promoted. Furthermore, since the third region has 
a life time set long, a forward voltage can be kept at a comparatively. small value. In other words, it is possible to simul- 

45 taneously implement a high di / dt capatsjlity, a low reverse recovery loss and a low fonA/ard voltage. Moreover, a reverse 
current concentrates more easily in the third region having a long life time than in the second region having a short life 
time. Therefore, the annihilation of carriers is caused with difficulty at the last stage of a reverse recovery operation. As 
a result oscillation can be suppressed effectively 

[0047] According to the second aspect of the present invention, the third semiconductor layer is provided. There- 
so fore, it is possible to suppress a punch through to raise a breakdown voltage while reducing a thickness of the semicon- 
ductor substrate. 

[0048] According to the third aspect of the present invention, the life time of the second region is set longer than 
that of tile first region. Therefore, the fonn/ard voltage can be reduced still more. 

[0049] According to the fourth aspect of the present invention, the ratio of the second region to the third region is 
55 50 % or more. Therefore, a reverse recovery loss can be reduced more effectively 

[0050] According to the fifth aspect of the present invention, the second region is divided into a plurality of unit 
regions in tiie direction parallel witii tiie upper main surface. Therefore, a heat loss generated on the semiconductor 
substrate can be dispersed effectively In other words, tiie uniformity of the heat loss can be enhanced. 
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[0051 1 According to the sixth aspect of the present invention, the second and third regions are alternately pro/ided . 
In each of the regions arranged from the inside toward the outside. Therefore, the distribution of the heat loss is not 
biased As a result, unifomiity thereof can be enhanced. Furthermore, when three or rnpre regions are provided and at 
least one of the second and third regions is divided, the dispersion of the heat loss can be promoted, resulting m a fur- 
ther enhancement in the uhifbrmity of the heat loss. . * 
[0052] According to the seventh aspect of the present invention, the life time is set short in the first region adjacent 
to the first semiconductor layer. Therefore, a reverse recovery current can be reduced. Since the second region has a 
life time set short, the attenuation of the reverse recovery current can be prpmoted. Furthermore, since the life time of 
the second region is set longer than that of the first region,a fonward voltage can be kept at a comparatively small value. 
In other words, it is possible to.simultaneously implement a high di / dt capability, a low reverse recovery loss and a low 
fonward voltage. Moreover, a boundary surface between the second semiconductor layer and the third semiconductor 
-layer has the portion retreating toward the lower-main surface of the semiconductor.subs^^^^ 
the annihilation of carriers is caused with difficulty at the last stage of a reverse recovery operation. As a result, oscilla- 
tion can be suppressed effectively. . ■ U^r^' 
[00531 According to the eighth aspect of the present invention, the ratio of the area occupied by the region where 
the thin potion of the third semiconductor layer is projected to the lower main surface of the semiconductor substrate is 
set to 50 % or less. Therefore, the f onward voltage can be reduced more effectively ' \ 

[0054] ' According to the, ninth aspect of the present invention, the thin portion of the third semiconductor layer is . - 
divided into a plurality of portions which are uniformly arranged at regular intervals along the lower main surface of the ' 
semiconductor substrate. Therefore, the convergence of the reverse current can be relieved and a blocking capability 
can be prevented from being reduced due to an increase in a local loss. 

[0055] .According to the tenth aspect of the present invention, the maximum diameter of each of the thin portions of 
the third semiconductor layer divided into a plurality of portions is set to 50 jim or less. Therefore, it is possible to effec^ 
tively suppress a leak current flowing in a steady state in which a reverse voltage is applied. 
[0056] According to the eleventh aspect of the present invention, the distance from the boundary between the sec- 
ond region and the third region to the loWer main surlace'of the semiconductor substrate is set smaller than the thick-^ 
hess of the thick portion of the third semiconductor layer. Therefore, the reverse recovery loss can be reduced still more. 
' ■ [0057]" . According to the twelfth asp.ect of the present invention, the concave and convex portions are provided on a 
FN junction interface formed between the f irst semiconductor layer and the second semiconductor layer Therefore, the 
30 area of the FN junction interface can be increased and the fonward voltage can be reduced. Moreover, the life time is 
set short in the first region adjacent to the first semiconductor layer. Therefore, an increase in a reverse recovery current 
caused by the concave and convex portions of the PN junction interface can be relieved. Furthermore, the attenuation- 
of the reverse recovery current can be promoted because the second region has a short life time. In other words, it is 
possible to implement a low forward voltage while relieving or suppressing an increase jn a di / dt capability and a ; 

35 reverse recovery loss. . , ' ' ' ^- .^u *u 

' [0058] According to the thirteenth aspect of the present invention, the ratio of the area occupied by the region, 
where the thin portion of the first semiconductor layer is projected to the upper main.surface of the semiconductor sub- 
strate is set to 50 % or less. Therefore, it is possible to effectively suppress a leak current flowing in a steady state in. 
which a reverse voltage is applied. ' ^ i 

40 [00591 * According to the fourteenth aspect of the present invention, the thin portion of the first semiconductor layer 
Is divided into a plurality of portions which are uniformly arranged at regular intervals alpng the upper mam surface of 
the semiconductor substrate. TTierefore. the convergence of the reverse current can be relieved and a blocking capa- 
tjility can be prevented from being reduced due to an increase in a local loss. : • ' 

[0060] According to the f meenth aspect of the present invention, the maximum diameter of each of the thin porti^^^ 

45 Of the first semiconductor layer divided into a plurality of portions is set to 50iim or less. Therefore, it is possible to effec- 
tively suppress a leak current flowing in a steady state in which a reverse voltage is applied. . - 

• [0061 ] Accordirig to the sixteenth aspect of the present invention, the distance f rom.the boundary between the first 

* region and the second region to the upper main surface of the semiconductor substrate is set larger than the thickness 
of the thick portion of the first semiconductor layer. Therefore, an increase inthedi / dt capability can be prevented more 

50 effectively from being caused by the existence of the concave and convex portions on the FN junction interface. 
. [0062] According to the seventeenth aspect of the present invention, both the features of .the sixth and eleventh 
aspects are combined. Therefore, it is possible to obtain average characteristics for a di / dt capability, a speed of the 
attenuation of a reverse recovery current, a fonward voltage and the effect of suppressing oscillation, respectively Con- 
sequently the range of choice for a design can be increased. , *U I I 

55 [0063] The objects, features, aspects and advantages of the present invention will be more apparent from the toi- 
lowing detailed description and accompanying drawings: 
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BRIEF DESCRIPTION QF THE DRAWINn<; 
[0064] - 

5 Figure 1 is a sectional front view showing a diode according to a first embodiment; 

Figure 2 is a sectional plan view showing the diode according to the first embodiment; 

Figure 3 is a graph showing a profile of a life time killer density according to the first embodiment; , 

Figure 4 is a graph showing a reverse recovery operation according to the first embodiment; 

Figure 5 is a graph showing the reverse recovery operation according to the first embodiment; 
10 Figure 6 is a graph showing a result of a simulation according to the first embodiment; 
, Figure 7 is a sectfonal front view showing a variant of the first embodiment; 

Figure 8 is a sectional plan view showing the variant of the first.embodiment; 

Figure 9 is a sectional front view showing another variant of the first embodiment; , 

Figure 1 0 is a sectional plan view showing another variant of the first.embodiment; 
IS Figure 11 is a sectional front view showing yet another variant of the first embodirnent; 

Figure 1 2 is a sectional plan view showing yet another variant of the first embodiment; 

Figure 1 3 is a sectional front view showing a further valiant of the first ertibodiment; 

Figure 14 is a sectional plan view showing the further variant of the first embodiment; 

Figure 15 is a sectional front view showiiig a diode according to a second embodiment; '* 
• 20 Figure 1 6 is a sectional plan view showing the diode according to the second embodiment; 

. Figure 1 7 is a graph showing a profile of a life time killer density according to the second embodiment; 

Figure 18 is a graph showing a reverse recovery operation according to the second embodiment; 
• * Figure 1 9 is a partially enlarged sectional view showing the diode according to the second embodiment: 

' Figure 20 is a graph showing a result of a simulation according to the second embodiment; 
25 Figure 21 is a graph showing a result of a simulation according to the second embodiment; 

Figure 22 is a partially enlarged sectional view showing a variant of the second embodiment; - 

Figure23isapartially enlarged sectional view showing another variant of the second eri^ , . ^' - 

Figure 24 is a graph showing a reverse recovery operation according to another variant of the second embodiment; ^ ,? 

Figure 25 is a sectional front view showing a diode according to a third embodiment; 
bo Figure 26 is a sectional plan view showing the diode according to the third embodiment; ^ 

Figure 27 is a graph showing a profile of a life time killer density according to the third embodiment; ■ -f • 

Figure 28 is a graph showing a reverse recovery operation according to the third embodiment; * 

Figure 29 is a partially enlarged sectional view showing the diode according to the third embodiment; 

Rgure 30 is a graph showing a result of a simulation accordng to the third embbdiiTient; ' \ 

35. Figure 31 is a graph showing a result of a' simulatiori according to the third embodiment; . " 

Figure 32 is a partially enlarged sectional view showing a variant of the third embodiment; 

Figure 33 is a table showing the quality of each of characteristics according to the first to third eirtoodiments; 

Figure 34 is a sectional front view showing a diode according to a fourth embodinfient; , . ^ 

' Figure 35 is a graph showing a profile of a life time killer density according to a variarit; 
40 Figure 36 is a sectional front view showing a diode according to the prior art; > * , . 

Figure 37 is a plan view showing the diode according to the prior art; 

Figure 38 is a graph showing a profile of a life time killer density according to the prior art; 

Figure 39 is a graph showing a reverse recovery operation according to the prior art; 

Figure 40 is a sectional front view illustrating the reverse recovery operation according to the prior art; 
45 Figure 41 is a circuit diagram illustrating the reverse recovery operation according to the prior art; and 

Figure 42 is a graph showing the reverse recovery operation according to the prior art. 

BEST MODE FOR CARRYING OUT THE INVENTION 
50 <_1 . First Embodiment.) 

[0065] . First of all, a diode according to a first embodiment will be described. 
(1-1. Structure of Device ) 

55 

[0066] Figs. 1 and 2 are a sectional front view and a sectional plan view which show a diode according to a first 
embodiment, respectively A cut surface of Fig. 1 is taken along the line B - B in Fig. 2. and a cut surface of Fig. 2 is 
taken along the line A - A in Fig. 1 . A diode 1 10 comprises a diode element 1 01 as a main member. The diode element 
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101 includes a sernconductor substrate 20. an anode eiectrcxJe (a first main efectrode) 4 and a cathode electrode (a 
second main electrode) 5. 

[0067] llie semiconductor substrate 20 is plate-shaped to define upper and lower main surfaces, and uses silicon 
as a base material, for example. The semiconductor substrate 20 is sequentially provided with a P layer (a first semi- 
5 conductor layer) 1 . an layer (a second semiconductor layer) 21 . and an N+.layer (a third semiconductor layer) 3 from 
the upper main surface toward the lower main surface. The P layer 1 has a P - conductivity type (a first conductivity 
type), and the layer 21 and the layer 3 have an N - conductivity type (a second conductivity type). A higher Impu- 
rity concentration is set in the N* layer's than in the N* layer 21. . ! 

[0068] All the P layer 1 . the N* layer 21 , and the N"' layer 3 are plate-shaped and are provided integrally with each 
10 . other to form the semiconductor substrate 20, The anode electrode 4 is connected to the upper main surface, that is, 
an exposed surface of the P layer 1 . and the cathode electrode 5 is connected to .the lower main surface, that is. an 
" exposed surface of the N* layer 3rThese;electrodes 4 and 5 are formed of el ^ 

[0069] Furthermore, life time killers are selectively introduced into the semiconductor substrate 20, thereby control- 
ling a life time of carriers. As a result, first and second regions 6 and 7 having short life times and ariother region, that 
is is. a third region 2 having a long life time are defined in the N" layer 21. . 

[0070] The first region 6 occupies a region of the N: layer 21 in the vicinity of a PN junction. More specif ically. the . 
first region 6 faces the P layer 1 to form the PN junction, and is defined as a layered.'region apart from the N"" layer 3. 
The second region 7.and the third region 2 are defined to nriutually divide a portion of the N* layer 21 excluding die first 
region 6. that is. a jDortion which faces the layer 3 and does not face the P layer 1: 
20 [0071] Each of the second region 7 and'the third region 2 is formed like a column having the same planar sectional 
shape through the dbove-mentioned portion from the first region 6 to the N'' layer 3. The planar shape of the second 
region 7. that is. the shape of the second region 7 projected on the main surface of the semiconductor substrate 20 
(each, of the upper and lower main surfaces will be simply referred to as "main surfaceT is annular along the outer 
peripheral end face of the N' layer 21 in examples of Figs. 1 and 2. The third rejgioh 2 is defined as a cylindrical region 
25 .surrounded by the second annular region 7. 

[0072] Plate-shaped heat buffer plates' 1 0 and 8 are in contact with the anode electrode 4 and the cathode elec- 
' trode 5. respectively. Furthermore. -an anode post electrode 11 and a cathode post electrode 9 are in contact with the. 
. heat buffer plates 10 and 8. respectively. When the diode 110 is to be used, the diode element 101 is pressed by the 
anode post electrode 1 1 and the cathode post electrode 9 through the heat buffer plates 10 aricl 8. thereby realizing an 
30 electrically and.thermally.good contact. . . ^ * • . 

[0073] The post electrodes 1 1 and 9 are formed of electrically and thermally conductive metals usi rig copper as a 
base material, for example, and the heat buffer plates 10 and 8 are formed of metals having a middle coefficient of ther- 
. mal expansion between the post electrodes 11 and 9 and the diode element 101 (chiefly, the semiconductor substrate 
20). Consequently, a. heat distortion generated between the post electrodes 1 1 and 9 and the diode element 101 can 
35 be relieved so that an electrical and thermal contact can be kept well. » . 

[0074] Rg. 3 is a graph showing a profile of a density of the life time killers introduced into the serniconductor sub- 
strate 20: The graph illustrates profiles taken along both the vertical line XI - X1 penetrating the third:region 2 and the 

• vertical line X2 - X2 penetrating the second region 7. 

. [0075] The profile taken alc^ig the line Xi - X1 is depicted in the same curve as the curve Pr2 according to the con- 
. 40 "ventiohal example 2 shown in Fig. 38. More specifically, the density of the life tirne killers is selectively high in the first 
region 6 including a PN junction interface. The density in the P layer 1 is also hjgh. The reason is ,that the density on the 
PN junction interface of the first region 6 should be increased. Therefore, the density is incidentally increased also in 
the P layer 1 adjacent to the.f irst region 6 in respect of a tiechnique in which the life time killers are selectively intro- 
duced. ' ■ ■ ' ' . . 

• 45 [0076] ' In the N'Jayer 21 which has an n -conductivity type and a uniform concentration of an n-type impurity, the 

profile of the life time corresponds to that of the density of the life time killers. More specifically, as the density of the life 
time killers is increased, the life time is reduced. In the third region 2. the lifetime killers are not substantially introduced, 
in other words, an aiginal life time x 0 of the H layer 21 is iniplemented in a substantia! portion of the third region 2. On 
[ the other hand, the life time of the first region 6 is set shorter than the life time t 0, and a life time x 1 on the PN junction 

so surface is also set shorter than the life time tO. 

[0077] As shown by the profile taken along the line X2 • X2. the life time killers are also introduced into the second 
* region 7. In other words, the life time of the second region 7 is set shorter than the life time x 0. Preferably, the density 
of the life time killers in the second region 7 is set lower than the density in the first region 6 as shown by the graph of 
Fig. 3. More specifically, a relationship of the life time among the tiiree regions in the N* layer 21 is desirably given by 

55 the following Equation 1. .; 

(First region 6) < (Secorid region 7) < (Third region 2) (Equation 1) 
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[0078] The life time of the second region 7 is set longer than that of the first region 6 for the following reason. A for- 
ward voltage should be prevented from being raised in a state in which a density of a fonvard cunent flowing in the third 
region 2 is not excessively increased. 

[0079] In order to selectively introduce the life time killers, fa example, it is sufficient that heavy metals such as 
5 gold, platinum and the like are selectively diffused into a predetermined region. Alternatively, radioactive rays such as 
electron beams may be selectively irradiated on the predetermined region. In order to selectively introduce the life time 
killers Into the second region, particularly, it is desirable that the electron beams should be selectively irradiated on the 
second region 7. In order to perform the selective irradiation, it is sufficierit that a mask having a pattern shape con'e- 
sponding to the planar shape of the second region 7 is used. 

10 

(1-2. Operati on of Device > 

[0080] Fig. 4 is a graph showing a reverse recovery operation of the diode according to the first embodiment illus- 
trated in Figs. 1 to 3. In the graph, a curve Em1 represents a curent waveform of the diode according to the first embod- 
15 iment. For comparison, the curve Pr2 related to the diode according to the conventional example 2 is also depicted 
together. Furthermore, a waveform of a reverse voltage v of the diode according to the first embodiment is shown in a 
dotted line. 

[0081] Also in the diode according to the first embodiment, the basic flow of the reverse recovery operation is the 
same as in the conventional examples 1 and 2. More specifically, when switching is performed from a state in which a 

20 fonward current Ip steadily flows to a state in which a reverse bias is applied at a time tO, a current is decreased in a . 
negative direction. As a result, a reverse current flows. In the process in which the reverse current is increased, a deple- 
tion layer is generated on the PN junction interface at a time t1 , and then grows to shortly cover the whole N' layer 21 . 
Consequently, a reverse voltage v is generated at the time tl , and is then increased and shortly converges on a value 
of the reverse bias applied from the outside. 

25 [0082] With the increase in the reverse voltage v. the reverse current gradually reduces the speed of the increase, 
shortly passes through a peak and is then decreased, The reverse current converges oh zero while continuing the 
decrease. Thus, a transient state, that is. the reverse recovery operation comes to an end so that a steady state in which, 
the reverse voltage v is equal to the reverse bias and the reverse current does not flow can be implemented. As.? 
described above, the basic flow of the reverse recovery operation is the same as in the conventional examples 1 and 2. . 

30 However, since the life time of the carriers in each of the first region 6 and the second region 7 is set short in the diode . 
according to the first embodiment, the following features are revealed in a reverse recovery characteristic thereof. 
[0083] More specifically, since the life time is set shorter in the first region 6. a reverse recovery current t^r is 
reduced almost equally to that in the conventional exarnple 2. Furthermore, since tiie second region 7 having the life 
time set short is present, also in the process in which the depletion layer is enlarged beyond the first region 6, the 

35 recombination of residual carriers is promoted. For this reason, the attenuation of the reverse recovery cun^ent is more ' 
promoted than in the conventional example 2 as shown in the curve Emi of Fig. 4. As a result, a reverse recovery loss * 
is caused to have a smaller value than in the conventional example 2. 

[0084] As an area factor of the second region 7 which is defined as a ratio of the area of the second region 7 pro- 
jected on tiie main surface of the semiconductor substrate 20 to the area of the third region 2 projected on the main ' 

40 surface is increased, the reverse recovery loss is reduced. Fig. 6 is a graph showing the above-mentioned relationship 
which is obtained based on a simulation. It is understood from the graph that the effect of reducing the revere recovery 
loss Is remarkably obtained when the area factor of the second region 7 exceeds 50 %. Accordingly, it is desirable that 
the area factor of the second region 7 should be set to 50 % or more. 
. [0085] Furthermore, since the reverse current easily concentrates in the third region 2 having a long life time than 

.45 in the second region 7 having a short life time, the density of the reverse current flowing in the third region 2 is more 
increased than in the case where the second regiori 7 is not provided. For this reason, the carriers are annihilated with 
difficulty at the last stage of the reverse recovery operation. As shown in Fig. 5, consequently, a capacitance C (Em1)r 
equivalentiy formed on the semiconductor substrate 20 is larger inversely at the last stage of the reverse recovery oper- 
ation than the capacitance C (Pr2) according to the conventional example 2. and keeps a finite value for a longer period 

50 of time. 

[0086] In addition, a resistance R (Eiril) equivalentiy formed on the semiconductor substrate 20 is higher than the 
resistance R (Pr2) according to the conventional.example 2. Accordingly, the Q value of the diode according to the first 
embodiment is smaller at the last stage of the reverse recovery operation than in the conventional example 2. As a 
result, oscillation is suppressed also at the last stage of the reverse recovery operation. Consequently, the reverse volt- 
55 age smoothly converges on a steady value without large oscillation as shown in the curve v (Em1) of Fig. 4. 

[0087] Moreover, the density of the reverse current flowing in the third region 2 is higher than in the case where the 
second region 7 is not provided. Therefore, the reverse recovery current 1^ is a little larger as shown in the curve Em1 
of Fig. 4 than in the conventional example 2. However, this does not so much affect the di /dt capability as to be reduced • 
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as compared with the conventional example 2. and the dl / dt capability is kept almost equal to that of the conventional 
example 2. . ' . - 

[0088] Referring to the fonward current as well as the reverse current, furthermore, the current density in the third 
region 2 is larger than in the case where the ^econd region 7 is'not provided. Therefore, the fonward voltage has a little 

5 higher value than in the conventional example,2.' However^ the fonward voltage can have a fully smaller value than in the 
conventional example 1 as long as the area factor of the second region 7 is not set excessively large. 
(00891 As described above, it is possible to simultaneously implement a high di7 dt capability, a low reverse recov- 
ery loss and a low fonward voltage in the diode according to the first embodiment. Furthermore, the voltage oscillation, 
. can be prevented in the process of the reverse recovery operation. 

JO [0090] As described above, moreover, the third region 2 and the second region 7 have such planar shapes (which 
are projected on the main surface of the semiconductor substrate 20) as to be symmetrical with respect to the center 
of the main surface and as to cause the second annular,region 740 surround the^m^^^ 
• the distribution of a heat loss caused by the fonward current and the reverse current is not biased. In addition, the heat 
. loss is effectively dispersed from the diode elenient 101 to ttie post electr9des 1 1 and 9 and the like provided on the 

15 outside thereof. . ... . ^ ' ■ ' ' u . * • 

[0091] Furthermore, the anode electrode 4 and the cathode electrode 5 are formed to.cover almost the whole main 

surface including a portion in the main surface of the semiconductor substrate 20 where jhe second region 7 is pro- 
jected. Therefore, a heat loss generated in the semicondubtor substrate 20 is dispersed more effectively from the diode 
'element 101 to the post dectrodes 11 and 9 and the like provi^^ ... 



20' 



( 1-a, Variant related to Planar Shape of. S econd f=\eaion } \, 

[0092] Figs. 7 to 14 show various variants related to the planar shape of the second region 7. Figs. 7, 9.^ 1 1 and 13 
are sectional views taken along the line B - B in Figs. 8. 10, 12 and 14, respectively. Moreover. Figs. 8. 10. 12 and 14- 

25 " dre sectional views taken along the line A - A iri Figs, 7, 9. ;i 1 and 1 3, respectively. / . . . . 

• [0093] In adiode element lOlashown in Figs. 7 and 8, the second region 7 is divided into a plurality of Xfive in the 
. drawings) unit regions haying circular planar shapes respectively, and is provided symmetrically with respect to the 
center of the semiconductor substrate 20. In a diode element 101b shown in Figs. 9 and 10. the second region 7 has a 
circular planar shape, and the planar shape of the third region 2 is defined annularly to surround the second region 7. 

30' : More specifically, the second region 7 and the third region 2;are arranged just reversely to those of the diode element 
101 shown in Figs. 1 and 2. . - . . ' ■ ■ '. ' 

' - . [0094] ' In a diode element 101c shown in Figs. 11 and 12. the second region 7. the third region 2 and the second 
region 7 are sequeritially provided from the center of a main surface toward the outside with a concentric circles as 
boundaries. In a diode element 10ld shown in Figs. 13 and 14. the third region.2. the second region 7. the third. region 

35 2 and the second region 7 are sequentially provided from the center of a rnain surface toward the outside with concen- 
tric circles as boundaries. * - : - • . • o 
[0095] • The diode elements 101 and 101b to 101 d are common in that the second region 7 and the third region 2. 
• are alternately provided sequentially from the center of the main surface toward the outside with the concentric circles 
as boundaries: Furthermore, they are also common in that a distribution of a heat loss caused by a fonward current and 

'40 a reverse current is not biased and the heat lo^s is effectively dispersed from the diode elementto the post electrodes 
11 and 9 and the like provided on the outside thereof. 

[0096] As the second region 7 or the first region 6 is divided Into more regions, the heat, loss is dispersed more 
effectively In other words, the uniformity of the heat loss is enhanced still more. Accordingly, the diode element 1 0ld is 
• more excellent in the uniformity of the heat loss than the diode element 101. for example. Although the diode.element 
^ 45 iOla is iniferior to.the diode element 101 and the like in respect of symmetry with respect to the center of the main sur- 
facejt is still excellent in the uriiformity of.the heat loss because the.secpnd region? is divided. 

(9 Second Embodiment r . . . , . . . . 

50 [0097] Next, a diode according to a second embodiment will l)e described.* 

(g-1. Structure of Device.) 

[0098] Rgs. 15 and 16 are a sectional front view and a sectional plan view which show a diode element forming a 
55 main part of the diode according to tiie second embodiment, respectively A cut surface of Fig. 15 is taken along the line 
B - B in Fig 16, and a cut surface of Fig/IG is taken along the line C - C in Fig. 15. In the same manner as the diode 
element 101. a diode element 102 comprises a semiconductor substrate 20, an anode electrode 4 and a cathode elec- 
* trode 5. 
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[0099] The semiconductor substrate 20 has a P layer 1 . an N' layer 21 and an layer 3 sequentially provided from 
an upper main surlace toward a lower main surface. Differently from the diode element 101 , however, a boundary inter- 
face between the N'layer 21 and the U* layer 3 is not a plane but has concave and convex portions. More specifically 
the boundary interface between the N^layer 3 and the N' layer 21 retreats toward the N^layer 3 side (that is. in a direc- 

5 tion of the lower main surface of the semiconductor substrate 20) in a plurality of portions 30. 

[0100] Accordingly, the N^layer 3 includes thick portions 33 and thin portions 34. Ck)nversely, the N' layer 21 is pro- 
truded in portions which are in contact with the thin portions 34. and retreats in portions which are in contact with the 
thick portions 33. The planar shape of the thin portion 34, that is. a shape projected on the main surface of the semi- 
conductor substrate 20 is desirably circular as shown in Fig. 1 6. Moreover, it is desirable that the thin portions 34 should 

10 be set to have the same planar shapes and be arranged at regular intervals to be uniformly distributed along the lower 
main surface of the semiconductor substrate 20 as shown in Fig. 16. 

[01 01 ] Also in the diode element 1 02. life time killers are selectively introduced Into the semiconductor substrate 20. 

thereby controlling a life time of carriers. As a result, three regions having different life times, that is. a first region 6, a 

second region 31 and a third region 32 are defined in the NMayer 21 . 
15 [0102] The first region 6 occupies a region of the N' layer 21 in the vicinity of a PN junction in the same manner as 

the first region 6 according to the first embodiment. More specifically, the first region 6 faces the PN junction in the 

layer 21 between the N' layer 21 and the P layer 1 and is defined as a layered region apart from the N^layer 3. 

[0103] The second region 31 is defined as a region adjacent to the opposite side of a PN junction interface of the 

first region 6. Furthermore, the third region 32 is adjacent to the opposite side of a boundary iriterface between the sec- 
20 ond region 31 and the first region 6, and is furthermore in contact with the N*Iayer 3, In other words, the first region 6, 

the second region 31 and the third region 32 are provided integrally with each other in this order from the PN juhctidn 

internee with the P layer 1 toward the boundary interface with the N'*'layer 3. , 

[0104] In examples shown in Figs. 15 and 16, a boundary interface between the second region 31 and the third 
region 32 is positioned apart from a tip of the thick portion 33 toward the P layer 1 . Accordingly, only the third region 32 

25 comes in contact with the N layer 3 among the three regions 6, 31 and 32. 

[0105] Fig. 1 7 is a graph showing a profile of a density of the life time killers introduced into the semiconductor sub- ^ 
strate 20. In the graph, a profile taken along the vertical line X3 - X3 through the thin portion 34 is depicted. The density • >. 
of the life time killers is selectively high in the first region 6 including the PN junction interface. The reason why the den- ^ 
sity in the P layer 1 is also high has been described in the first embodiment. 

30 [0106] The life time killers are also introduced into the second region 31 . The density of the life time killers in the 
secorxl region 31 is set lower than in the first region 6. The life time killers are not substantially introduced into the third 
region 32. As described above, the profile of the life time in the N' layer 21 corresponds to that of the density of the life 
time killers: Accordingly a relationship of the life time among the three regions in the N* layer 2 1 is given by the following 
Equation 2. . 

'35 

(First region 6) < (Second region 31) < (Third region 32) (Equation 2) 

[0107] In the substantial portion of the third region 32 where the life time killers are not introduced, an original life ^ 
time T 0 of the N' layer 21 is implemented. On the other hand, a life time in the first region 6 is set shorter than the life 
40 time T 0, and a life time x 1 on the PN junction interface is also set shorter than the life time 1 0. 

[0108] The life time killers can be selectively introduced by the same method as in the first embodiment. The distri- 
bution of the life time killers in a direction of the main surface of the semtoonductor substrate 20 Is uniform. Differently 
from the first embodiment, therefore, a mask pattern is not required. 

[0109] In.particuiar. it is desirable that a local life time control technique should be applied to the introduction of the 
45 life time killers into the second region 31 . In this technique, charged particles such as accelerated light ions are irradi- 
ated on the semiconductor substrate 20. As a result, the life time killers are locally introduced in the vicinity of a range 
of the charged particle which is determined by an accelerating energy 

< 2-2. Ooeration of Device J . 

so 

[0110] Fig.' 18 is a graph showing a reverse recovery operation of the diode according to the second embodiment 
illustrated in Figs. 15 to 17. In the graph, a curve Em2 represents a current waveform of the diode according to the sec- 
ond embodiment. For comparison, the curve Pr2 related to the diode according to the conventional example 2 is also 
depicted. Since a waveform of a reverse voltage v of the diode is almost the same as in the first embodiment, it is omit- 
55 ted. 

[01 11] In the diode according to the second embodiment, the life time of the carriers in each of the first region 6 and 
the second region 31 is set short. Therefore, a reverse recovery characteristic has the following features. Since the life 
time is set short in the first region 8. a reverse recovery current Ir^ is reduced in the same manner as in the conventional 
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example 2 Furthermore, the second region 31 having a life time set short is provided, Tlierefbre, the recombinaton of 
residi^l carriers ispromoted also in the process in which a depletion layer is enlarged beyond the first region 6. 
101121 Fbrthisreason. the attenuation of the reverse recovery current is morepronroted as shown in the curve Eni2 
of Fig lathan in the conventional exanple 2 (curve P.r2). As a result a reverse recovery loss ^ "lorereduced than in 
5 the (inventional example 2. Differently from the first embodiment, a reverse current does not concenfrate in a part of 
the regions. Therefore, if the conditions of the first region 6 are the same as in the conventional example 2. the reverse 
. recovery current l„does not exceed the reverse recovery current \„ m the conventional example2. Accordingly, adi/ 
dt capability can have a high value in the same manner as in the converitional example 2. " . ^ 

mmi Furthermore, the life time killers are not introduced into the third, region 32 adjacent to the N^ayer 3 There- ^ 
10 fore excess carriers are annihilated v»ith difficulty in the third region 32. For tl^is reason, the carriers are annihilated with 
SLl^y at a Stage in which the depletion layer approaches the hTlayer 3. that is. the last stage of P^'^^^^'^^.^ 
-4p;StiL in paLlar. the thin portions 3^^ 

N+laver 3 and the third region 32 which retreat toward the lower main surface of the semiconductor aibstrate zo are 
■ Sesent.Bymakingacomparisonontheconditionthatthesemiconductorsubstrate20hasthesamethic^^^^^^^ 

,5 Srra%ad1anceCequivalentlyformedpnthese^^^^^ 

• Sui • As a result, the capacitance C is larger'than the capacitance C (Pr2) of the conventional example 2 at the 
ast steoe of the reverse recovery operation and keeps a finite value for a longer period of time m.the same manne as 

• S2^cten^eC^Emi)showninFig.5.Aisoatth^ , 
20 . S fe^PPressed. and a re,e,se:voltage smp^^^^^ on a steady value without great osallation in the same 

manneras thecurve v(Em1) shown in Fig. 4. 

S^Tsf tt^sdesirat^lthatthesemiconductorsubstrate20shouldbeasthinaspossible^ . 
. . St^ ,n the Se according to the.second embodiment' it is possible to effectively suppress the oscilla^^^^ 
••■ . increasing the thickness of the semiconductor substrate 20. that is, '^i*^^""' ^^f ,c' V^erse 

25 101161. If the Niayer 3 becomes thin all over, a leak current in a steady state which is obtained .^er he reveree 
SyoiraLisincreased,lnthedi6deaccordingtothesecondembodiment.theN^lay^^ 

foTlhe Sffi can effk^vely be suppress 

•30 enlarged The planar shie of the thin portion 34 is ' 
• S Rg 20 is a- graph shTwing data obtained based on a simulation lor a relationship between the diameter w1 and a 

leak current (leakage current) in a Steady State. . , a » cn ^ 

: . , Ss] • aL shown in the iaph, the leak curreht is almost constant with the diameter w1 ranging from 0 to^SO 

and is rarely affected by the existenceof the thin portion 34. . On the other hand, if the diameter w .^^^.^ds ab°Lrt 
35 urn Se leak current is rapidly increased. Accordingly, it is desirable that the diameter wl of the thin portion 34 should 

. 34 is not circular, the increase in the leak current can similarly be prevented if a maximum diameter is set to 50 ^m or 

' ' ' roi%i If the thin portions 34 in the mayer 3 amount to a large ratio, the forward voltage is affected. Fig^ 21 is a 
•'«-Lh showing data-oLnedbyc^^^^^^^^ 

S ofTn area occupied by ^ fegiori where the thin portions 34 are projected to the lower main surface of the semi- 

Smr' !Ss'?Sy the graph, the fo^^ard voltage is.rarely affected by the thin pations 34 with the areafactor of 
4 ,hnportons34ranUfro,nOto50=^^^ 
. 4S remallciy increased. Lordingly.it is desirable^ 

Ipss in order not to increase the forward voltage. ' . ■ n 

S rtheLe according to the seco^ ^^.^^ 
Ls ttie first egTe Therefore, a resistance for the tankard current is inaeased a little more than in the conventional 
ea^^efAs a result, the forward voltagehas a Irttie h-.^^^^ 
50 of the second region SI.However, it is not necessary to set the life time of the second region 31 shorter than ,n the .first 

• rljone SonTasLlifetimeofthesecondregion31 is not set excessively short, the fon«ard voltage can have a 
value which aooroximates to the value in the conventional example 2. - . 
;jSr A^^rtoed above, in the diode according to the second embodi,f,ent, it is P°^*'«, 

Implement a high di / dt capability, a low reverse recovery loss and a comparatively low fon*,ard voltage. Furthermore. 
55 the voltage oscillation can be prevented in the process Of the reverse recovery operation. 
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<2-3. More QptifTium Condition of IvWaver 3 ) 

[0123] Returning to Rg. 19, mor desirable conditions for the shape of the N"^layer 3 will be described below. The 
H' layer 21 is thinner In the vicinity of the thick portions 33 than the vicinity of the thin portions 34, and a resistance com- 
5 ponent of the N' layer 21 is correspondingly reduced. Accordingly, when the fonvard cun-ent flows, a current density is 
more increased in the thick portions 33 than in the thin portions 34. When a transition to the reverse recovery operation 
is started in this state, the reverse current also concentrates more easily in the thick portions 33 than in the thin portions 
34. 

[0124] As illustrated in Fig. 16, the thin portions 34 have the same planar shapes and are arranged at regular inter- 
10 vals uniformly distributed along the lower main surface of the semiconductor substrate 20. Consequently, the concen- 
tration of the reverse cun-ent can be relieved. Thus, it is possible to prevent a reduction in a blocking capability from 
being caused by an increase in a local loss. 

[0125] As described above, the boundary interface between the second region 31 and the third region 32. is posi- 
tioned apart from the tips of the thick portions 33 toward the P layer 1 . More specifically, a space d 1 between the bound- 
IS ary Interface of the second region 31 and the third region 32 and the lower main surface of the semiconductor substrate 
20 is set larger than a thickness d2 of the thick portions 33 as shown in Fig. 19. Consequently, the capacitance C equiv- 
alently formed on the semiconductor substrate 20 keeps a finite value for a longer period of time in the last stage of the 
reverse recovery operation. Consequently, oscillation can be suppressed more effectively 

[0126] It is desirable that an impurity concentration of the layer 3 should be set to 1 x lO^^n / cm^ or more on an 
20 exposed surface 37 in the lower main surface of the semiconductor substrate 20 where the thick portions 33 are 
exposed. Consequently, a good ohmic contact can be implemented between the N'^layer 3 and the cathode electrode 
5. Furthermore, it is also possible to employ a simple manufacturing method in which the thick portions 33 arid the thin 
portions 34 are formed simply by selectively introducing an N type impurities into only the exposed surface 37 in the 
lower main surface of the semiconductor substrate 20 and then diffusing the same N type impurities when forming the 
25 N'^layerS. . 

[0127] There Is a possibility that the leak current might be increased if a thickness d3 of the thin portions 34 is set 
excessively small. However, when the diameter w1 is set to 50 jxm or less and a surface concentration of the impurities 
on the exposed surface 37 is set to 1 x 10^^n / cm^ or more, the thickness d3 can also be set to 5 jim or less, for exam- 
ple, without increasing the leak current. In particular, the thickness d3 can also be set to 0 as shown in Fig 22. 
30 [0128] The reason is that carriers are diffused from the thick portion 33 having a high impurity concentration toward 
a periphery 38 and the thin portions 34 are covered with the diffused carriers, thereby exhibiting a fully high voltage 
holding capability. By setting the thickness d3 to 0, it is possible to bring out the effect of suppressing the oscillation at 
the maximum without increasing the thickness of the semiconductor substrate'20. It is desirable that the thickness d2 
of the thick portion 33 should be set to 50 ^m or more. 

35 

{ 2-4. Variant related to Thickness of Third Region 32 ) 

[0129] Fig. 23 is a partially enlarged sectional view showing a variant related to the thickness of the third region 32. 
As'shown. it is also possible to set the space d1 smaller than the thickness d2 in such a manner that a part of the sec- 
40 ondregion31 comes in contact with the thick portions 33. In this example, the second region 31 has a greater thickness 
than in the example of Fig. 19. Therefore, the reverse recovery current is attenuated more quicWy as shown in a curve 
Em2a of Fig. 24 so that a reverse recovery loss can be reduced still more. . ^ 

[0130] However, the third region 32 has a larger thickness in the example illustrated in Fig. 1 9. Therefore, the effect 
of suppressing oscillation is more excellent in the example of Fig. 19. It is possible to widely select the space d1 
45 depending on intended use. 

(3,thirclEmt?Qtfinignt) 

[0131 ] Next, a diode according to a third embodiment will be described. 

so 

(3-1. Structure of Device _> 

[0132] Figs.,25 and 26 are a sectional front view and a sectional plan view which show a diode element forming a 
main part of the diode. according to the third embodiment, respectively. A cut surface of Fig. 25 is taken along the line 
55 B - B in Fig. 26. and a cut surface of Fig. 26 is taken along the line D - D jn Fig. 25. A structure of a diode element 103 
according to the present embodiment is just similar to a structure obtained by keeping the profile of the life time killers 
in its entirety and replacing the shapes off the P layer 1 and the N*layer 3 with each other in the diode element 102 as 
will be described below. 
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[01331 ^ inthesamemannerasthediodeelementsldl and102.thediodeelement1W 
ductor substrate 20. an anode electrode 4 and a cathode electrode 5. Moreover, the semiconductor. substrate 20 has a 
P layer 1 an N' layer 21 and an layer 3 sequentially provided from an upper main surface toward a lower mam sur- 
face Differently from the diode element 101 . however, a PN junction interface between the P layer 1 and the N layer 
21 is not a plane but has concave and convex portions. More specifically a PN junction interface retreats toward the P 
'layer 1 side (thkt Is. in a direction of the upper main surface of the semiconductor substrate 20) in a plurality of portions 



50. 



20 



25 



30 



[0134] ' In additibn. the P layer 1 includes thin portions 51 and thick portions 52. Conversely, the N" layer 21 is pro- . 
truded in portions which-are rontacl with the thin portions 51 . and retreats in portion 
.,(, portions S2; The planar shape d the thin portion 51. that is. a shape projected on the main surface of the semicondudor 
■ substrate 20 is desirably circular as shown in Fig. 26. Moreover. K is desirable that the thin portions 51 should be set to 
— -have the same planar shapes and be arranged at regularJnter/als to be.uhJfom^y*^^^ 

face ot the sen^cdnductor substrate 20 as shown in Fig. 26. , ' . ' ' • u ■ : 

[0135] ■ Also in the diode element 103. a life time Wllers are selectively introduced into three regions having different 
is life times that is! a first region 53. a second region 54 and a third region 55 are defined in the N- layer 21 . 

[0136] The first region 53 occupies a region of the N; layer 21 in the vicinity of a PN.junction in the same nrianner 
• as the first region 6 according'to the first and second embodiments. More specifically, the firet region 53 faces the PN 
junction in the N layer 21 between the N" layer 2l and the P layer 1 and is defined as a layered region apart from the 

mm ^ The second region 54 is defined as a region adjacent to the opposite side of a PN junction interface of ^e . 
first region SS. Furthermore, the third region 55 is adjacent to the opposite side of a boundary interface between the , 
second region 54 arid the first region 53. and is furthermore in contact with the N^layer 3. In other words, thefirst region 
53 the second region 54 and the third region 55 are provided itrtegrally with each other in this order from the PN junc- 
tion interface with the P layer 1 toward a boundary interface with the N^layer 3. ■ ^ ; : : cc«,„h ' ■ 

[01381 In examples shown in Figs. 25 and 26, the.boundary interface bet*.een 

■ region 54 is positioned not apart from tips of the thick portions 52 toward the N^layer 3. Accordingly, both the first regran 

■ 53 and the second region 54 come in contact with the P layer 1, thereby forming a PN junction interface, - 

■ [01391 Rg 27 is a graph showing a profile of a density of the life time killers introduced into the semi^^^^^^ 
strate 20 In the graph, a profile taken along the vertkial lirie X4. - X4 through the thin portion 51 depicted. The density 

. of the life time killers is selectively high in the first region 53 including the PN junction interface. The reason why the den-. . 
sity in the Player lis also tiigh has been described in the first embodimert.- .. i,. ' „ 

• [0?46l • ■ The life time Wllers are also. introduced into the second region 54. The density o the We ti.ne.tal lere in the 
. ^second region 54 is set lower than in thefirst region 53. The life time killers are not substantially introduced into the.third 
region 55. Accordingly, a relationship of the life time among the three regions in the N; layer ?! ,s given bi the following 
35 Equations. " . 

• ■ ' (First region 53) <(Secorid region 54) <(Thiid region 55) , ., (Equation.3) 

[01411 In the substertial portion of the third region 55 where the life time killers are not Introduced, an origir^l life 
. time X 0 of the N- layer 21 is implemented On the other hand, a life time in the first region f '^^^et shorter han^ 
time X 0, and a life time on the PN junction interface is also set shorter than the life time x .0. The life time killers can be 
selectively introduced by the same method as in the second embodiment. ' : 

^ (3-2. Operation of Device ) ' 

[01421 Fig -28 is a graph showing a reverse recovery operation of the diode according to the third embodiment illus- 
. rated in Figs 25 to 27. In the graph, a cun/e EmS represents a current waveform of the diode according to the friird 
embodiment, For conparison. the curve Pr2 related to the diode according. to the conventional example 2 is also 

so S?]^' In the diode accortling to the third embodiment, the PN junction interface Is provided with concave a^ co^^. 
vex portions. Therefore, an area of the PN junction interface is increased. For this reason, a large quantty of came^ 
are injected into the N • layer 21 . As a result it is possible to obtain an advantage that a toward voltege can be reduced. 
On the other hand, since the quantity of the carriers is large, the annihilation of residual carriers is delayed in me reverse 
recovery operation. Consequently, a reverse recovery current l„ is larger than in the conventional example 2^ ^ 

55 [0144] However,ifitisassumedthatthediodecanimplementalowfon«ardvoltagebysettingthePNiunctioni^^^^^ 

face between the P layer 1 and the N" layer 21 in the conventional example 1 to have the same shape as in the third 
embodiment,acurrentwaveformisrepresentedbyacurveCminFig.28.lnthevirtualdiode,thereverserecoverycur^ 

rent W is remarkably increased as shown in the curve Cm. As a result, a reverse recovery loss has a large value. More 
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specifically, a forward characteristic can be improved but fewer advantages of a reverse recovery characteristic can be 
gained with the PN junction interface having the concave and convex portions. 

[01451 On the other hand, in the diode according to the third embodiment, the PN junction interface is provided with 
the concave and convex portions and a life time is set short in the first region 53 adjacent to the PN junction interface 

5 so that the reverse recovery characteristic can be prevented from being deteriorated. As is apparent from a comparison 
between the curve Em3 and the curve Cm. the reverse recovery current l^r can be reduced. In the diode according to 
the third embodiment, thus, the PN junction Internee is provided with the concave and convex portions so that disad- 
vantages which are secondarily produced can be relieved or eliminated and the fon/vard characteristic can be improved 
while suppressing the deterioration in the reverse recovery characteristic such as a di / dt capability. 

id [0146] Furthermore, since the second region 54 having a life time set short is provided, the recombination of the 
residual panniers can be promoted also in the process in which a depletion layer is enlarged beyond the first region 53. 
As a result, the attenuation of the reverse recovery current can be more promoted as shown in the curve Em3 than in 
the conventional example 2 (curve Pr2). Consequently, an increase in the reverse recovery current Irr is not exactly 
linked with an increase in the reverse recovery loss. In other words, the reverse recovery loss does not have a much 

15 larger value than in the conventional example 2. 

[0147] As described above, in the diode according to the third embodiment, it is possible to implement a low fonvard 
voltage while preventing the di / dt capability and the reverse recovery loss from being increased. 

(_3-3. Optimum Condition of PN Junction Interface ) - 

20 

[0148] Fig. 29 is a partially enlarged sectional view showing the P layer 1 and the vicinity thereof which are 
enlarged. The planar shape of the thin portion 51 is circular as described above, and has a diameter represented by 
w2. In the vicinity of the thick portions 52. the N' layer 21 is thinner than in the vicinity of the thin portions 51 so that a 
resistance component of the N' layer 21 is corespondingly reduced. Accordingly, when a forward current flows, a cur- - 
25 rent density is higher in the thick portions 52 than in the thin potions 51 . When a transition to a reverse recovery oper- 
ation is started in this state, a reverse current also concentrates more easily in the thick portions 52 than in the thin 
portions 51. * . . - 

[0149] As illustrated in Fig. 26. the thin portions 51 have the same planar shapes and are arranged at regular inter- 
vals to be uniformly distributed along the upper main surface of the semiconductor substrate 20. Consequently, the con- 
30 centration of the reverse current can be relieved. Thus, it is possible to prevent a reduction in a blocking capability from ; . 
being caused by an increase in a local loss. / • 

[0150] As described above, the boundary interface between the first region 53 and the second region 54 is posi- 
tioned reanward apart from the tips of the thick portions 52 toward the upper main surface of the semiconductor sub- 
strate 20. More spec'ffically, a space d4 between the boundary interface of the first region 53 and the second region 54 . 
35 and the upper main surface of the semiconductor substrate 20 is set smaller than a thickness dS of the thick portions 
52 as shown in Fig. 29. For this reason, a fonArard voltage can be reduced effectively. Moreover, it is desirable that the 
thickness d5 should be set to 50 jim or more, be set to 50 nm or more.. 

[0151] The planar shape of the thin portions 51 also affects a leak current (leakage current) and a fonward voltage ' 
in a steady state. Fig. 30 is a graph showing data obtained based on a simulation for a relationship of the leak current 
40 and fonvard voltage to the diameter w2. As shown by the graph, the leak current is almost constant with the diameter 
w2 ranging from 0 to 50 jim and is rarely affected by the existence of the thin portion 51 . 

[0152] On the other hand, if the diameter w2 exceeds about 50 ^m, the leak current is rapidly inaeased. Accord- 
ingly, it is desirable that the diameter w2 of the thin portion 51 should be set to 50 ^m or less in order not to increase 
the leak current. When the planar shape of the thin portion 51 is not circular, the leak current can similarly be prevented 

45 from being increased if a maximum diameter is set to 50 ^m in or less. 

[0153] When the diameter w2 is about 30 im. the fonvard voltage has a minimum value. When the diameter w2 
ranges from about 20 ^m to about 40 ^im, the forward voltage is rarely affected by a change in the diameter w2 but 
almost keeps the minimum value. Therefore, it is desirable that the diameter w2 should be set to about 20 ^m to about 
40 fim in consideration of both the forward voltage and the leak current. 

so [0154] The ratio of the P layer 1 occupied by the thin portions 51 also affects the leak current and the fonward volt- 
age. Fig. 3 1 is a graph showing data obtained by confirming this fact based on a simulation. An area factor of the thin 
potions 51 means a ratio of an area occupied by a portion where the thin portions 51 are projected to the upper main 
surface of the semiconductor substrate 20. 

[0155] As shown by the graph, the leak current is rarely affected by the thin portions 51 with the area factor of the 
55 thin portions 51 ranging from 0 to 50 %. On the other hand, if the area factor exceeds 50 %, the leak current is remark- , 
ably increased. 50 % or less in order not to increase the leak current 

[0156] When the area factor of the thin potions 51 is about 35 %, the iorward voltage has a minimum value. When 
the area factor ranges from about 25 % to about 45 %, the fonA/ard voltage is rarely affected by a change in the area 
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factor and almost keeps the minimum value. Accordingly, it is desirable that the area factor of the thin potions 51 should 
be set to about 25% to about 45% in consideration of both the foward voltage and the leak current. - 
[01571 Returning to ng.29Jt is desirable that an impurity concentration in the P layer 1 should be set to 1 x 10 n 
/ cm^^or more on an ©cposed surface 57 in the upper main surface of the semiconductor substrate 20 where the thick 
potions 52 are exposed. Consequently, a good ohmic contact can be realized betiyeen the P layer 1 and the anode elec- 
trode 4 Furthermore, it is also possible to employ a simple manufacturing method in which the thick potions 52 and the 
thin portions 51 are formed simply by selectively introducing a P type impurities into only the exposed surface 57 in the 
upper main surface of the semiconductor substrate 20 and.then diffusing the same P type impurities when forming the 
P layer 1: ^ , ' \ ■ . • 

( a-4. Variant rplated to Th ickness of First Region 53 )■ / ' ' .'^ • ' - 



IS 



20 



25 



30 



35 



40 



45 



50 



[0158] The boundary interface between the second region 54 and the third region 55 may be positioned apart from 
• the lips of the thick portion 52 toward the layer 3. More specifically the space d4 may be set' larger than the thickness . 
d5 of the thick portions 52 as shown, in Fig. 32. As compared with the example of Fig. 29. consequently, the forward 
voltage is somewhat deteriorated but the reverse recovery ciirrent can be reduced and the di / dt capakjility can be , . 
improved. • , 

(4. Fourth Embodiment ) 

[0159] Fig.33 collectiveiyshows the qualityof each of parameters for evaluating the, 
[0160] ' Rg 33 collectively shows the quality of each of parameters for evaluating the characteristic of the diocie in 
the form of a table according to each of the above-mentioned embodiments. For comparison, the quality of each of 
' parameters according to the conventional examples .1 and 2Js also described. In Fig. 33. items in which preferred char- 
acteristics can be obtairied are shown by hatching. Each of the above-mentioned embodiments can properly be earned 
. out in corribination with each other. Thereby a mean value for each parameter can be obtained, in other words, the 
degree of design freedom can be increased in consideration of the combination. - 

[0161] For example, it is possible to constitute a diode elernent having both features of the diode elements 102 and 
103 as shown in Fig. 34. In a diode element 104. a P layer 1 provided in a semiconductor substrate 20 is equivalent to 
the P layer 1 of the diode element 103 An N" layer 21 and an layer 3 are formed equivalently to coresponding sem- 
iconductor layers of the diode element 102, respectively V ' 
[0162] More specifically, the P layer 1 includes a thin portions 51 and thick portions 52. and the N layer 3 also - 
includes a thick portions 33 and thin portions 34. Furthermore, the N' layer 21 has a first region 6. a second region 31 
and a third region 32 formed thereon: A profile of a life time in each of these three regions is given by Fig 17. Thus, the 
diode element 104 has both the features of the diode elements 102 and 103. Therefore, it is possible to obtain a mean ; 
value for each parameter shown in Fig, 33.'' 

■ <»Vyiantj • . • : .. ' 

[0163r RSferring to thediode according to the first embaliment. it is also possitile to employ a configuration in which 
the semiconductor substrate 20 does not comprise the N t'layer 3. In this case, the H layer 21 is exposed to the lower 
main surface of the semiconductor substrate 20 and the cathode electrode 5 is directly connected to the N having such 
astructure andadistributionof a density of life time killers to be introduced. , » 

[0164] As shown in Rg. 35. the distribution of the density of the life time killers on the N" layer 21 is equal to that on 
the N- layer 21 iccording to the first embodiment shown in Fig. 3. As a result, the N" layer 21 has a first region 6, a sec- 
ond region 7 and a third regton 2 formed thereon jn the . same manner as the N" layer 21 of the diode element 101^ 
[01 65] Also ii? a device having such a structure, it is possible to simultaneously implement a higher dU dt capabi ity, 
a lower reverse recovery loss and a lower forward voltage than in a conventional device comprising no N layer 3 in the 
■same manner as the device according to the first embodiment. Furthermore, the voltage oscillation can be suPPf essed 
in the process of a reverse recovery operation. Since the device according to the first embodiment comprises the N 
layer 3. it is more excellent in that a punch through can.be suppressed to raise a breakdown voltage with the semicon- 
ductor substrate 20 set thin. ...-„..• ,ll,o„=M= 

■ [0166] While the present invention has been described in detail, the above descnption is illustrative in al aspei^ 
and the present invention is not restricted thereto. .It will be understood that numerous variants which are not illustrated 

55 ' can be supposed without departing from the scope of the irivenMon. . '. 
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Claims 

1. A diode comprising: 

a semiconductor substrate (20) defining an upper main surface and a lower main surface; 
a first main electrode (4) connected to said upper main surface; and 
a second main electrode (5) connected to said lower main surface, 

said semiconductor substrate including first and second semiconductor layers (1, 21} sequentially provided 
from said upper main surface toward said lower main surface, 

said first semiconductor layer ( 1 ) having a first conductivity type and being exposed to said upper main surface, 
said second semiconductor layer (21) having a second conductivity type and forming a PN junction together 
with sakl first semiconductor layer. 

said second semiconductor layer being divided into first, second arid third regions (6, 7, 2), 
said first region (6) facing said first semiconductor layer, and 

said second region (7) and said third region (2) occupying a portion in said second semiconductor layer which 
is adjacent to said first region and is close to said lower main surface, and dividing said portion each other in a 
direction parallel with said upper main surface. 

wherein a life time of carriers in said second semiconductor layer is set shorter in said first region and 
said second region than in said third region. 

20 

2. The diode according to claim 1 , wherein said semiconductor substrate further includes a third semiconductor layer 
(3) which is'adjacent to said second semiconductor layer and is exposed to said lower main surface, 

said third semiconductor layer having a second conductivity type and a higher impurity concentration than said 
25, second semiconductor layer. 

3. • The diode according to claim 1, wherein said life time is set longer in said second region than in said first region. 

The diode according to claim 1. wherein a ratio of said second region to said third region is 50 % or more. 

The diode according to claim 1 , wherein said second region is divided into a plurality of unit regions (7) in said direc- 
tion parallel with said upper main surface. 

The diode according to claim 1. wherein said portion of said second semicoriductor layer is divided into a plurality 
of regions arranged from a center toward an outside in said direction parallel with said upper main surface in such 
a manner that one of said regions is sequentially surrounded by a next one, and said second region and said third 
region are alternately anranged in each of said regions. 

7. A diode comprising: 

40 

a semiconductor substrate (20) defining an upper main surface and a lower main surface; 
a first main electrode (4) connected to said upper main surface; and 
a second main electrode (5) connected to said lower main surface, 

said semiconductor substrate including first, second and Ihird semiconductor layers (1.21,3) sequentially pro- 
45 vided from said upper main surface toward said lower main surface. 

said first semiconductor layer ( 1 ) having a first conductivity type and being exposed to said upper main surface, 
said second semiconductor layer (21) having a second conductivity type and forming a PN junction together 
with said first semiconductor layer. 

said third semiconductor layer (3) having a second conductivity type, having a higher impurity concentration 
so than said second semiconductor layer, and being exposed to said lower main surface. 

said second semiconductor layer being sequentially divided into first, second and third regions (6, 31 , 32) from 
said first semiconductor layer toward said third semiconductor layer, and 

a boundary interface between said second semiconductor layer and said third semiconductor layer including a 
portion (30) retreating toward said lower main surface so that said third semiconductor layer includes a thick 
55 portion (33) and a thin portion (34). wherein a life time of carriers in said second semiconductor layer is 

set shorter in said second region tiian in said third region, and is set shorter in said first region ttian in said sec- 
ond region. 
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8. The diode according to claim;?, wherein a ratio 01 an a^^^ 

to said lower main surface is set to 50% or less. . 1- . 

9. The diode accofding to clairti 7. wherein said thin portion is divided into a plurality of portions (34) which are uni- 
5 ' formlygu'ranged at regular inten/als along said lo^^ • ; 



10 



10; The diode according to claim 7. wherein a maximum diameter of each of said plurality of portions along said lower 
main surface is set to 50 |im or less. . , - 

• ■, '■ 
11. The diode according to claim 7. wherein a distance (d1) from a boundary between said second region and said 
. \hird region to said lower main surface is set snialler than a thickn^^ 



IS 



20 



12. A diode comprising:- ^ ..... 

. . a semiconductor substrate (20) defining an upper main surface and a lower main surface; 
. a first main electrode (4) cdnnecled to said upper main surface; an^^ " . , ^ . ■ ' , ^ 

a second main electrode (5) connected to said lower main surface. , * „ 

• said semiconductor substrate including first, second and third semiconductor layers (1. 21 . 3) sequentially pro- 
vided from said upper main surface toward said lower main surface, u • 
said first semiconductor layer (1) having a first conductivitytype and being exposed t^ 
said second semiconductor layer (21) having a second conductivity type and fomiing a PN junction together 
with said first semiconductor layer. V . ; __w!^n 
said third semiconductor layer (3) having a second conductivity type, having a higher impurity concentration 
than said second semiconductor layer, and being exposed,to said lower main surface, . , ■ . , 
said second semiconductor layer being sequentially divided into first, second and third regions (53. 54. 55) 
from said first semiconductor layer toward said third semiconductor layer, and ' 
a boundary surface between said first semiconductor layer and. said second semiconductor layer including a 

• portion (50) retreating toward said upper rtiain surface so that said first semiconductor layer includes a thick 
portion (52) and a thin portibn (51): ' whereir^ a life.tirr^e of carriers in said second semiconductor layer is 

•: :; set shorter.in said second region than.in said third'regiori. and is set shorter insaid first region than in said sec- 
. ' ohd regioii. /- / ^, : ^ , ^ \" * 

13. The jdibde according to"claim 12,'whef^n a ratio of an area occupied by a region vyhere'said thin portion is pro- 
' " jected fo said upper main surface is set to 5 ' 

14, The diode according to claim 12. wherein kid thin portion is divided' into a plurality of portions (51) which are uni^ 
formly arranged at regular intervals along said lower main surface. ► * . ^ 

' 15. The diode according to claim 12. wherein a maximum diameter of each of said plurality of portions along said upper 
40 : - min surface lis set to 50 |ini or less. . - . - :.. . . . 

16 The diode according to claim 12. wherein a distance (d4) from a boundary between said first region and said sec- 
ond regionio said upper main surface is set larger than a thickness (d5) of said thick portion. 

45 17 The diode according to claim 12. wherein a boundary surface between said second semiconductor layer and said 
' third semiconductor layer includes a jDortion (30) retreating to^A/ard said lower main surface so that said third semi- 
conductor layer includes a thick portion (33) and a thjn portion (34). . , 
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FIG, 13 
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